Abstract Multiparametric magnetic resonance imaging (MRI) has become a critical clinical tool for diagnosing focal ischemic stroke severity, staging treatment, and predicting outcome. Imaging during the acute phase focuses on tissue viability in the stroke vicinity, while imaging during recovery requires the evaluation of distributed structural and functional connectivity. Preclinical MRI of experimental stroke models provides validation of non-invasive biomarkers in terms of cellular and molecular mechanisms, while also providing a translational platform for evaluation of prospective therapies. This brief review of translational stroke imaging discusses the acute to chronic imaging transition, the principles underlying common MRI methods employed in stroke research, and the experimental results obtained by clinical and preclinical imaging to determine tissue viability, vascular remodeling, structural connectivity of major white matter tracts, and functional connectivity using task-based and resting-state fMRI during the stroke recovery process.
Introduction
Ischemic stroke is the third leading cause of death globally and the most common cause of complex chronic disability [1, 2] . Trends in demographics and health care have produced rising rates of cardiovascular disease but decreasing rates of stroke mortality [1] , so that evermore people are living with the aftermath of ischemic stroke. Up to 75 % of stroke survivors require some level of long-term assistance [3] . Despite the urgent need for better therapies at all stages from stroke onset to recovery, only recanalization therapy to restore perfusion is available to treat stroke acutely, and only about 2 % of patients receive this intervention [4] . In the weeks to months after stroke, many pharmacotherapies and other novel strategies have demonstrated efficacy in animal studies, and in fact numerous drugs have shown promise for enhancing certain aspects of recovery in small clinical trials [5] . However, despite identification of promising pharmacotherapeutic adjuncts to tradition physical therapies, no drugs currently are approved in the USA to enhance stroke recovery.
One of the challenges for treating stroke and determining efficacy during recovery is Bthe astounding heterogeneity surrounding neuroplasticity and regeneration^ [6] , a heterogeneity that largely has been revealed in the clinical domain by neuroimaging. Imaging helps diagnose ischemic stroke, stage treatment, and monitor recovery by providing anatomical markers of lesion location and size, and functional markers of tissue status. For studying recovery processes and therapies, imaging can narrow inclusion criteria based on the original insult to reduce biological variance within groups. Noninvasive neuroimaging studies can help define the natural evolution of neurodegeneration and plasticity and the benefits of therapies through longitudinal studies. The translational nature of imaging can help elucidate cross-species variations in underlying processes and identify differences in responses to therapies, which so often fail during translation to the clinic.
The Bneurovascular unit^provides a conceptual basis for framing the damage due to stroke and subsequent structural recovery mechanisms and pathways, which can be broadly categorized as angiogenesis, neurogenesis, and oligodendrogenesis [7, 8] . Neuroimaging markers rarely align precisely with these categories. Moreover, functional neuroimaging implicates disrupted connectivity that might represent nonlocal processes including diaschisis, vicariation, or disinhibition [9, 10] . One of the goals of preclinical imaging is to elucidate the relationship between imaging biomarkers and molecular or histological markers, and then to see how these markers evolve during acute stroke and recovery.
Although this special volume emphasizes preclinical stroke models and research, imaging provides a translational bridge across scales and species, and so this brief review describes both clinical and preclinical imaging methods and applications to studies of stroke recovery. Despite the wide variance in clinical studies compared to controlled experimental models, profound differences in neuroanatomy across species, and criticisms of some specific aspects of experimental stroke models, a recurring theme is the remarkable degree of concordance between preclinical and clinical imaging results. The main focus of this review is magnetic resonance imaging (MRI), which lacks the molecular specificity of positron emission tomography (PET) or the high resolution of semiinvasive optical imaging, but which provides excellent spatial resolution across the whole brain and a multitude of methods that can be used to probe different aspects of tissue structure, function, and neuronal connectivity.
Acute Stroke: Core and Penumbra
Although it is widely agreed that complete recovery from complete brain ischemia can occur only for brief ischemic durations of less than about 10 min under normal physiological conditions, some recovery of tissue function can occur for severe ischemia up to an hour given prompt and complete reperfusion [11] . This time window is extended in regions with incomplete occlusion. The current clinical guidelines recommend endovascular clot retrieval (thrombectomy) for patients with image-proven occlusion of large cerebral artery in the anterior circulation [12] and reperfusion by intravenous thrombolysis using tissue plasminogen activator within 3 to 4.5 h of stroke [13] , after excluding hemorrhage by imaging using MRI or CT. At later time points, reperfusion offers less benefit and more risk of secondary injury. Nevertheless, imaging suggests that a subset of patients might benefit from treatment at times as long as 24 h after stroke [14] .
One of the roles of acute imaging is differentiation of regions that potentially can be saved from those that have suffered irreversible loss of function; this is particularly relevant in the clinic where stroke onset times may be unclear [15] . Conceptually, stroke-affected tissue is parcellated into a core region of severely damaged brain and a Bpenumbra^that is ischemic but still viable if adequate perfusion is efficiently restored [16] . In the acute stage shortly after stroke, clinical imaging assists initial treatment strategies and informs expectations. Preclinical imaging enables targeting for subsequent molecular or histological analysis, while also helping to define the evolution of tissue structure and function with and without intervention.
Positron emission tomography (PET) provided the first imaging indications of penumbrae by identifying tissue with compromised cerebral blood flow (CBF) but relatively preserved oxygen utilization due to an increased oxygen extraction fraction [17] . Another method employed by nuclear imaging defined the penumbra by comparing regional deficits in CBF with loss of GABAergic benzodiazepine receptors, which are widely abundant in healthy brain and indicated irreversible neuronal loss when absent [17] . Although PET provides gold standard measurements of CBF, metabolism, and neuroreceptor densities, a disadvantage for acute clinical imaging is the lead time required for synthesizing radioligands, as well as long acquisition times in sequential scans for each radioligand. High costs and limited spatial resolution restrict utility in small animal models.
Although the continued development of new radioligands, and the recent integration of simultaneous PET and MRI, might yet open new avenues for PET imaging during stroke recovery, PET has largely has been replaced in acute stroke imaging by MRI, which possesses better spatial and temporal resolution. Historically, MRI evaluated the penumbra at early time points in terms of a Bperfusion-diffusion mismatch^be-tween regions with diminished CBF and diminished water diffusion. Clinically, it is recognized that this mismatch does not optimally define the penumbra [16] . MRI measurements of perfusion typically overestimate the size of the core by underestimating collateral flow. Perfusion measurements overestimate the penumbra by including regions of benign oligemia that do not place the tissue at risk. Diffusion measurements overestimate the core region by including potentially salvageable regions of the penumbra. Nevertheless, the MRI perfusion-diffusion mismatch provides an approximate indication of the penumbra, and often this is the definition used to define tissue regions in subsequent investigations of stroke recovery.
More advanced methods have been developed for assessing potentially salvageable penumbral tissue that relies upon multi-parametric input. Bolus injection of paramagnetic contrast agent provides indices not only of CBF but also of the mean transit time and time to peak response as reflections of delay and dispersion through the vascular bed. By incorporating this additional perfusion information with diffusion and potentially even other data like tissue T2, predictive acutephase models can be created based upon outcomes defined at time points late after stroke [18, 19] . In animal models, image-based predictions of infarct volume and location are highly accurate in the absence of reperfusion treatments [20] . Additionally, several MRI research techniques under development may contribute to delineation of penumbrae and assessment of viability. pH-sensitive MRI offers the possibility to determine graded levels of ischemic acidosis [21] , and diffusion kurtosis is a marker of local water restriction that may be more sensitive than mean diffusion to early structural damage [22] .
The volume of penumbra demonstrating a perfusiondiffusion mismatch is transient, and the conversion of ischemic tissue to infarction in patients increases significantly with age and with pre-existing conditions of hypertension and diabetes [23] , comorbidities that often are absent in preclinical models [24] . Within the highly heterogeneous human population, imaging may provide a useful patient selection tool for clinical trials in order to create comparable subject populations using predictive models [25] . Furthermore, the mismatch might provide predictions of final infarct volume that can be used as a treatment outcome to reduce inherent variability across patients [16] . Irrespective of whether the penumbra volume is estimated purely from imaging or instead by combining imaging with neurological assessments, imaging is a critical clinical tool for staging treatment [14] .
Preclinical stroke models generally conform to the critical post-stroke time windows identified in the clinical setting. Following permanent middle cerebral artery occlusion (MCAO) in rats, the penumbra slowly infarcts over a time window of about 3 h [26, 27] . Incomplete occlusion models may extend the viability of a penumbra but exhibit more experimental variability [28] . Stroke outcome in preclinical models depends not only upon the time point of reperfusion but also the nature of reperfusion: it has been argued that promptly reversed mechanical occlusion, as in the common rodent transient MCAO model, artificially extends the treatment window relative to clinical stroke by avoiding complicating factors like the no-reflow phenomenon that associate with slow reperfusion [27] .
MRI of CBF
Regional cerebral blood flow is a parameter of critical interest in acute stroke and in evaluating reperfusion efficacy following thrombolysis. In the peri-acute phase following thrombolysis, the time window of impaired CBF may extend well beyond reperfusion due to incomplete recanalization, postthrombolytic hyperemia, and the Bno-reflow^phenomena [29] . Some clinical and preclinical studies suggest that flow deficits persist weeks into the recovery stage. MRI provides several ways to measure CBF in the form of either dynamic susceptibility contrast imaging (DSC), which applies tracerkinetic analysis to analyze the first passage of a bolus of an MRI contrast agent, or arterial spin labeling (ASL), which applies a magnetic label to proximal blood in alternating acquisitions and then observes the downstream effects on brain T1-weighted signals.
DSC is the most common clinical method for assessing perfusion in acute stroke due to high sensitivity and a short acquisition time. In this method, a paramagnetic contrast agent based upon gadolinium is rapidly injected as a bolus in a peripheral vein, and rapid imaging tracks the bolus passage through the brain. To correct for intravascular dispersion of bolus material, the tissue response is deconvolved with a local arterial input function [30] . Relative indices can be obtained for both CBF and cerebral blood volume (CBV). The mean transit time (MTT), which is the ratio CBV/CBF by the central volume theorem [31] , is particularly useful for visualizing altered perfusion as hyperintense regions with reduced CBF and potentially elevated CBV.
ASL provides an alternative to DSC that avoids the use of contrast agent. Due to an inherently weak signal, repeated signal averaging is required in order for ASL to build useful contrast. This requirement has restricted time-critical clinical applications, but modern implementations of pseudocontinuous ASL on clinical scanners [32] are driving a resurgence of interest in this method for a wide variety of clinical perfusion measurements, including stroke [33] .
For preclinical stroke research in small animals, ASL offers a superior set of capabilities relative to DSC methods in terms of CBF measurements but sacrifices information about delay and dispersion that can be useful in acute-phase predictive models. DSC perfusion generally provides only relative measurements of CBF, and artifactual results can be obtained when the blood-brain barrier is compromised due to leakage of contrast agent [30] . Due to the short MTT in rats and mice, very rapid imaging is required to adequately sample a bolus passage using DSC, and this limits volumetric coverage and image resolution. Conversely, ASL extends the time window for imaging, enabling whole brain coverage, higher spatial resolution, and repeated imaging. Long delays associated with collateral blood flow can reduce the accuracy of ASL measurements of CBF in principle, although these arterial transit artifacts have diagnostic quality in patients [34] . Arterial transit delays generally are less problematic in small rodent brains, due to shorter blood transit times, and also higher magnetic fields (typically used for rodent MRI), where the longitudinal relaxation time of water (T1) is lengthened. However, as a practical matter, manufacturers of preclinical small-bore scanners generally do not provide useful versions of continuous ASL, which requires dedicated RF labeling and imaging coils to work well. Pseudo-continuous ASL, which is the recommended clinical variant of ASL [32] and which does not require specialized hardware, also typically is not available to date on most small-bore systems used for preclinical MRI, although implementation of this method has been reported [35] .
Although DSC and ASL are extensively used to define CBF deficits during acute stroke, these methods have been applied much less commonly to the chronic aftermath of stroke; nevertheless, there is some evidence that perfusion impairments extend well into the recovery period. In a heterogeneous clinical population with a mean post-stroke imaging time of 4 years, a study of ASL-based perfusion reported that CBF was decreased on average by 30 % in peri-infarct tissue and 15 % in the ipsilesional hemisphere; moreover, perfusion deficits correlated with lesion volumes defined by T2-weighted MRI [36] . In a preclinical comparison of sildenafil-treated and control rats, perilesional CBF was elevated in treated rats for up to 8 weeks [37] . These data suggest a need for further investigations of chronic perfusion abnormalities, together with correlations between CBF and functional markers of tissue status, as a potential pathway for intervention.
Lesion Evaluation by MRI
Stroke lesions are indicated by imaging methods that reveal aspects of tissue metabolism or microstructure. The main MRI markers of ischemic stroke include the apparent diffusion coefficient (ADC) and the tissue transverse relation time T2. Each marker evolves during the evolution of a lesion following an ischemic insult. ADC is a better early marker, and T2 is a better late marker of lesion volume, although both measurements can be collected efficiently to evaluate lesion status.
ADC is sensitive to cytotoxic edema as an indicator of disrupted cellular metabolism. However, the precise temporal order and relative magnitude of the biological mechanisms contributing to ADC remain controversial. On a very rapid time scale of minutes following complete cessation of flow, initial changes in ADC reflect processes that are potentially reversible, including energy-dependent processes like cytoplasmic streaming [38] or cell swelling secondary to acidosis [39] . When ATP falls below a critical threshold of about 30 % [40] , membrane sodium and potassium pumps become impaired, and anoxic depolarization produces cellular swelling. MRI detects the shift in water between extracellular and intracellular compartments as a change in water diffusion; the reduced extracellular space further restricts diffusion, and a larger fraction of water enters the intracellular space where large proteins encumber diffusion. Most ADC lesions observed at early time points following stroke include terminal anoxic depolarization and irreversible brain damage in the core of the lesion.
Some prompt reversal of ADC generally is observed in penumbra regions following reperfusion, particularly in preclinical models of focal mechanical reversal using a vascular clip or intraluminal filament. In these cases, secondary delayed injury often occurs within hours, resulting in another reduction of ADC [41] [42] [43] . Ultimately, ADC in the lesion core will recover above baseline on a time scale of days as a result of vasogenic edema and loss of membrane structure. For this reason, ADC becomes a poor indicator of stroke lesion in the days following the ischemic insult.
Unlike ADC, tissue T2 is more strongly affected by vasogenic than cytotoxic edema. Lesions rarely are visible using endogenous T2 contrast until several hours after the ischemic insult [44] , when vascular fluids penetrate the blood-brain barrier due to breakdown of tight endothelial junctions. In contrast to ADC, tissue T2 is a monotonic index of dysfunction that continues to increase in the days and weeks following stroke. At time points longer than 48-h post-stroke, lesion sizes determined by T2 correlate strongly with those determined by histology [45] . Because cerebrospinal fluid (CSF) also has a long T2, in practice it is necessary to either suppress (e.g., by FLAIR MRI) or identify CSF in order to use automated techniques to segment lesion volumes based upon T2. Figure 1a shows typical results for T2 and ADC acquired at 48 h after reversible 1-h MCAO in a murine stroke model. At this time point, T2 is elevated in the stroke core region and also in cortical boundary areas, as demonstrated by T2w imaging at later time points (Fig. 1b) and by immunohistology at 8 weeks (Fig. 1c) , demonstrated infiltrating vasogenic edema at the early time point. ADC is still depressed at 48 h throughout the MCAO-supplied territory, but ADC distributions at 4 and 8 weeks (not shown) simply differentiate tissue from CSF; at this time point, an enlarged lateral ventricle accompanies the tissue loss.
Structural Connectivity: Imaging of White Matter by Diffusion MRI MRI provides a powerful method for assessing indices of white matter integrity and remodeling following ischemic stroke through diffusion-based methods, which are sensitive to the random Brownian motion of water molecules and can probe tissue microstructure at spatial scales much smaller than the image resolution. In a heterogeneous environment like the brain, molecular mobility is locally anisotropic due to diffusional hindrances that arise from axonal membranes, myelin sheaths, or other geometrically ordered boundaries. By applying diffusion-weighting gradients along a series of different directions, preferential diffusion orientations can be identified. Using typical MRI spatial resolutions, voxels that exhibit clear biases in the direction of diffusion generally lie along major white matter pathways.
The simplest representation of diffusion anisotropy is obtained by diffusion tensor imaging (DTI), which depicts the net distribution of all diffusion within an image voxel as an ellipsoid; along major white matter bundles, the longest axis of the ellipsoid orients along the direction of the tract [46] . DTI requires the sampling of a minimum of six diffusion directions, but higher angular sampling densities provide more uniform sensitivity to all possible tract orientations [47] . Fractional anisotropy (FA) is a scalar representation of the local bias in diffusion orientation, with values confined between zero (isotropic diffusion with a spherical distribution) and one (a pencil-shaped tract along a single direction). The directionality defined by local diffusion tensors enables Btractography^along major white matter tracts [48] , but achieving accurate pathways remains a topic of research due to complexities associated with crossing fibers and limited spatial resolution.
Measurements of FA by DTI are often considered as surrogates for white matter integrity in the context of stroke and other pathologies, but the underlying sources of ischemiainduced modulation of FA may be complex. In densely packed white matter bundles, axonal membranes and myelination both contribute to FA, with the former arguably producing a greater contribution [49] . Focal ischemia models have correlated FA reductions with both axonal loss and demyelination [50, 51] . More generally following tissue damage, and particularly in gray matter, several studies have cautioned against interpreting FA as a simple combination of axonal density and white matter myelination. FA correlated strongly with histological evidence for oriented reactive astrocytes following cervical cord damage in a rat model [52] , and diffusion anisotropies arising in a rat model of traumatic brain injury were heavily influenced by gliosis, particularly in cortical areas [53] . The latter result was attributed both to microstructural anisotropies in fibrous astrocytes and to a tendency of gliosis to organize along lesion boundaries. As a marker of white matter integrity following stroke, DTI should be interpreted with caution, particularly in regions not clearly associated with major white matter tracts.
Most clinical DTI studies of motor pathways during stroke recovery have focused upon the pyramidal tract as a common outflow pathway that is subject to Wallerian anterograde degeneration downstream from motor stroke [54] . When stroke directly damages a portion of the corticospinal tract, as determined by DTI, the location of damage was found to be far more predictive of recovery outcome than the size of the lesion, and acute stage DTI predicted motor outcome better than clinical scores [55] .
Numerous preclinical studies of stroke recovery have incorporated DTI to assess the damage and recovery to white matter pathways or to measure changing DTI signals in penumbra regions. The majority of these studies have focused on the core and periphery/penumbra of the stroke lesion rather than on major white matter bundles like the corpus collosum, using MCAO models of focal stroke in rats [37, [56] [57] [58] [59] . Within hours of ischemic onset, FA drops in ischemic regions and reaches a nadir at several days post-stroke [59] . FA does not recover in ischemic core regions that exhibit nonreversible elevation of T2-weighted MRI signals, whereas regions exhibiting transient changes in T2 and ADC also show a subsequent recovery of FA over a period of many weeks [56] .
Recovery of FA in penumbra regions occurs most rapidly during the first 2 weeks following stroke, with continued slow increases in FA for many weeks thereafter [37] . Penumbra FA values reportedly renormalize to pre-lesion or contralesional FA over several weeks [37, 56, 58, 59] . In some rats, the normal evolution of stroke recovery produces an Bovershootô f FA beyond contralesional values [58] , and the overshoot has been reported to be consistent within penumbra border zones in cohorts treated by neural progenitor cells [56] or sildenafil [37] . In these studies, FA correlated with qualitative histological evidence for increased axonal density, suggestive of axonal remodeling along a lesion border zone. Consistent with clinical observations, experimental stroke in a rat model reduced FA in major white matter tracts (corpus callosum, cerebral peduncles, internal capsule) outside the core and penumbra areas due to anterograde or retrograde degeneration or widespread edema, and motor recovery correlated with preservation or restoration of corticospinal tract FA [60] . Figure 1b shows longitudinal FA results in a murine model to qualitatively illustrate recovery of FA at the level of the internal capsules, which form part of the corticospinal tract. In this animal, FA clearly increases for at least 8 weeks following stroke in the ipsilesional capsule and for 4 weeks in the contralesional capsule. As noted by van Meer [60] , gradually resolving edema produces time-changing cerebral swelling and midline shifts that complicate quantitative longitudinal analysis of FA along major white matter tracts.
Angiogenesis/Vascular Imaging
There are no MRI methods that are specific for angiogenesis, a process that is thought to be beneficial during recovery in penumbral brain regions but one that is incompletely understood [61] . However, MRI provides methods for probing the integrity of the blood-brain barrier (BBB) and for determining gross indices of vascular morphology, and these methods may prove useful for in vivo studies of angiogenesis.
Increased BBB permeability can be associated with both ischemic injury at early time points and vascular remodeling during later periods. Most clinical observations of hyperintense MRI signal after administration of gadolinium occur during the acute phase when gadolinium-based contrast agents are used to assess perfusion deficits; these clinical observations presumably reflect ischemic injury. Due to the relative large size of these agents, leakage is slow and sometimes only apparent on follow-up scans, and spatial delineation of BBB dysfunction is non-specific due to gadolinium deposition in the cerebrospinal fluid [62] . Similarly in some rodent models of stroke, large changes are observed in the permeability of the blood-brain barrier to gadolinium complexes in the first few days [63] and presumably reflect persistent vascular damage. A few preclinical studies have demonstrated increased BBB permeability to gadolinium in penumbral regions up to 4 weeks [63, 64] , and these results may represent vascular remodeling.
Another MRI method detects changes in vascular morphology by employing measurements of both total and microvascular blood volume after injection of contrast agent in order to compute an average vessel size or density [65] . Several alternative formulations of this MRI-based Bvessel size index^or Bmicrovascular density^attempt to be more quantitative or eliminate dependence on the contrast agent dose [66, 67] . Oncological applications have compared MRI indices with vessel immunostaining and demonstrated good correspondence [65, 66] with little differentiation between alternative formulations [68] . A rat stroke model also demonstrated good correspond between MRI and immunostaining except in the lesion core [69] , where penetration of MRI intravascular contrast agent may be limited. Human post-mortem studies have reported increased microvessel density in penumbrae [70] , whereas rat studies indicate a decrease in the MRI-derived quantity at several weeks post-stroke in penumbrae [63, 69] .
To facilitate high-quality human studies, contrast agents used for studying vascular morphology ideally should have a long blood half-life to facilitate high-resolution imaging and a strong paramagnetic effect to provide robust measurements of CBV. Unfortunately, the class of small iron-based MRI contrast agents that are routinely used for preclinical imaging is not yet approved as MRI agents for clinical use, although initial clinical studies using ferumoxytol have been reported [71] .
Functional Status: Task-Based fMRI
Although a major focus of stroke treatment and associated imaging is tissue salvage and the assessment of peri-infarct status, remote dysfunction, and plasticity often result from focal stroke [72] . Clinical and preclinical fMRI efforts to date have focused primarily on elucidating the nature of functional remapping of brain activity in relation to behavioral outcomes, but ultimately the goal of imaging is to provide predictive models of treatment benefits in order to guide approaches and stratify clinical trials and to identify potentially reversible phenomena like diaschisis that might be treated by directed therapies.
There are numerous methods for non-invasively assessing changes in task-induced brain function based upon PET, SPECT, and MRI. Among these methods, fMRI using blood oxygen level dependent (BOLD) signal is the principle clinical method, and preclinical methods employ BOLD signal or CBV-weighted imaging after injection of a blood pool contrast agent. The preclinical CBV method significantly improves detection power relative to endogenous contrast mechanisms [73] , but BOLD fMRI also has become an efficient preclinical tool due to the proliferation of very high-field small-bore scanners. While the CBV-weighted method offers a relatively simple index of vascular-mediated activation in the form of the percentage CBV change, BOLD signal depends upon a combination of competing changes in CBV, CBF, and oxygen utilization plus a strong dependence upon baseline physiology in the form of the local blood oxygenation [74] .
Although there is a tremendous heterogeneity in clinical stroke foci and recovery, task-induced fMRI studies of upper limb recovery in patients have found early fMRI patterns of activation that include perilesional shifts of response foci and contralesional activation [75] . Greater injury generally associates with less lateralized fMRI responses [72] , greater recovery associates with maintenance or reinstatement of normal brain activation patterns, and poor recovery associates with persistent contralesional fMRI signal [75] . Diaschisis has been implicated by transient post-stroke behavioral deficits and lack of fMRI signal in interconnected cortical regions outside the perfusion territory affected by the stroke [9] .
In parallel with these clinical reports, preclinical fMRI investigations of rat stroke model functional recovery using forepaw stimulation have converged upon similar findings. Several days after unilateral permanent focal ischemia, fMRI signals were detected in the lesion periphery of affected cortex and also in the ipsilesional cortex [76] . At several weeks post-stroke, similar patterns were observed [77] but with reduced contralesional involvement and greater laterization [76] . Larger lesions correlated with decreased laterality in fMRI responses [78] , and reinstatement of fMRI signal in affected cortex correlated with reinstatement of electrical responsiveness [79] and improvement of neurological status [78] . Within affected cortex, fMRI responses generally have been reported to correlate with tissue structural integrity as assessed by ADC or T2 [79] or with perfusion status [80, 81] . However, behavioral dysfunction can persist longer than fMRI or structural deficits [80] and small changes in task-induced electrical activity can occur in the absence of a measurable BOLD response [79] .
Several specific concerns have been raised for post-stroke function brain mapping. Although it may be possible in principle to use dynamic imaging of glucose metabolism [82] to study stroke clinically, or techniques like manganese uptake to study preclinical stroke recovery [83] , studies to date have inferred function from vascular reactivity and thus depend upon the integrity of the local neurovascular unit, as well as the distributed brain circuitry. Perilesional BOLD responses to tactile stimuli following sensorimotor stroke were reported in a small subject cohort during subacute (1 week) and chronic phases (>1 month) of recovery but not at an intermediate time point (2 weeks); secondary hyperperfusion of post-ischemic tissue might explain this phenomenon and represent a decoupling of BOLD and electrical signals [84] . This result emphasizes the need to supplement BOLD studies with measurements of tissue perfusion (e.g., ASL) to help disentangle competing effects from neurovascular reactivity and altered baseline perfusion; the latter can mask BOLD signal changes by increasing basal blood oxygenation. Preclinical results support the notion of BOLD-reactivity decoupling due to hyperperfusion; perilesional CBV responses were significantly larger than co-localized BOLD responses at 2 weeks after transient focal MCA occlusion [85] . Hemodynamic responses to sensorimotor stimulation also are somewhat delayed in aftermath of stroke in rat models [85, 86] , and responses in stroke patients also are variable and generally delayed [87] . This can complicate detection of fMRI activation, although longer stimulation periods mitigate this problem.
Functional Connectivity: Resting State fMRI
Task-induced fMRI studies of stroke recovery require active participation of functionally impaired patients, and additionally rely upon specific task designs that might not activate all tissue of interest. These limitations have spurred interest in the use of resting-state fMRI (rfMRI), or Bfunctional connectivity^ [88] , as a method to simultaneously interrogate all functional networks throughout the brain without requiring patient compliance. Paired with diffusion MRI as a complementary measurement of Bstructural connectivity^for the major white matter tracts, the ability to probe whole brain function in the absence of a task potentially could explain a greater degree of the wide behavioral variations following stroke [54] .
The temporal structure of rfMRI signal (typically based upon BOLD signal, but also including methods sensitive to CBF or CBV) appears as apparently random fluctuations in any brain region. The signal contains significant contributions from uninteresting sources, including noise from detectors, subject movement, and cardiac and respiratory cycles. However, a portion of the signal correlates with fluctuations in electrical activity and can be used to reproducibly detect a consistent set of brain networks across healthy subjects [89] . The component of Bnoise^that is related to brain activity provides a window into the dynamic electrophysiology of brain activity viewed through a very slow filter imposed by the blood supply.
One of the notable features of rfMRI functional connectivity in the healthy brain is the high degree of inter-hemispheric symmetry: the right motor cortex correlates most strongly with the left motor cortex, for instance. In the aftermath of stroke, a consistent finding in patients has been a reduction of inter-hemispheric connectivity across homologous cortical areas governing sensory perception, motor function, and visual attention [54, 90] . In the acute stage shortly after stroke, the degree of inter-hemispheric connectivity, but not intrahemispheric connectivity, correlated with the severity of visual neglect or upper extremity impairment [91, 92] . Similarly, progressive restoration of inter-hemispheric connectivity correlated with progressive recovery of motor function [92] . Local lesions often lead to remote changes in functional connectivity that cannot be explained simply in terms of local structural damage [90, 91] .
Preclinical rfMRI studies of stroke recovery in anesthetized rats using MRI or optical imaging also have emphasized the loss of inter-hemispheric connectivity between homotopic cortical regions as a key correlate of both stroke severity and functional recovery [60, 83, 93] . Early stages after experimental stroke exhibit decreased inter-hemispheric connectivity and increased intra-hemispheric connectivity, and both of these findings are consistent with changes in the transport rate of a locally injected tracer of neuronal tracts [83] .
Interpretation of rfMRI data is subject to the same caveats attached to task-induced fMRI signal, plus some additional concerns. Changes in rfMRI connectivity in principle could reflect a loss of vascular reactivity that is not representative of local neuronal activity or a loss of BOLD sensitivity due to increased blood oxygenation secondary to hyperperfusion or blunted metabolism. The current emphasis on inter-hemispheric connectivity as a marker for stroke severity and functional recovery might reflect a measurement bias: due to strong homotopic interhemispheric connectivity in healthy brain, the loss of this connectivity following stroke is easiest to detect. Finally, rfMRI is based upon signal correlations that typically contain significant contributions from non-neuronal sources, and inferences can be corrupted by group-wise or time-wise differences in subject motion or physiology that can be pernicious [94] .
Future
Although MRI often is viewed as a relatively mature modality, ongoing improvements in hardware, data acquisition methodologies, and analysis strategies continue to advance imaging capabilities. Some well-developed methods, like efficient ASL, only now are becoming routinely available in clinical practice and on preclinical systems; moreover, new developments like velocity-selective ASL may prove particular useful for quantitative measurements of perfusion following stroke [95] . Parallel imaging can significantly accelerate acquisition rates, which can improve data quality in numerous ways. MRI offers multiple ways to obtain imaging contrast that is relevant to stroke and recovery, yet multimodal methods (e.g., combined PET/MRI) will further expand the information that can be obtained in a single session.
Functional connectivity by rfMRI provides an example application that can be expected to see relatively significant improvements through a combination of acquisition and analysis method. Large arrays of radio frequency receiver coils are enabling accelerated data collection rates by simultaneous acquisition of multiple slices or reduction in the gradient encoding matrix. Such methods can be use to obtain wholebrain coverage with sampling rates that enable filtering of high-frequency cardiac and respiratory noise [94] , thus improving the specificity of information provided by rfMRI. There still are unsolved questions about how much data to collect, how to spatially parcellate data into networks, and how to interpret data within and across subjects [96] . Given that relatively subtle effects like learning can influence rfMRI data [97, 98] , there certainly must be more to learn about stroke recovery from rfMRI.
Gadolinium remains the only contrast agent now clinically approved for MRI. Preclinical studies clearly demonstrate the advantages of blood-pool iron oxide agents for functional imaging [73] and the possibility to obtain high-resolution images of CBVor indices of the microvasculature like the mean vessel size [63] . Human studies have employed similar agents in preliminary studies [71, 99] , but regulatory approval will be required for routine clinical usage.
The advent of simultaneous PET and MRI offers the possibility to bring the molecular specificity of PET back to stroke research. PET is poorly suited to the time-sensitive realm of acute stroke, and the ability of PET systems to perform only a single measurement per session is a drawback for studies of stroke recovery using PET-only systems. However, concurrent PET complements anatomical and functional MRI with targeted molecular probes. Within this context of simultaneous PET/MRI, measurements of glucose metabolism can help interpret suspected diaschisis or luxury perfusion, or radioligands that target translocator proteins can assess neuro-inflammation as a possible sign of early lesion progression or late reactive astrocytes [100] [101] [102] . A multitude of combined approaches can be envisioned for clinical and basic studies, including such speculative possibilities as using MRI for tracking injected cells and PET for demonstrating biological activity or combining evolving PET methods for imaging angiogenesis with complementary MRI markers [17] . New probes that target histone deacetylases [103] could facilitate imaging of oligodendrogenesis [104] . Such new research opportunities may spur radioligand development for novel preclinical and clinical imaging of stroke and other neuropathologies.
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